Background Basal-like breast cancers, originally recognized by gene expression profiling, can be clinically identified using immunohistochemical (IHC) definitions that require estrogen receptor (ER) negativity. However, some basal cases are ER positive and are mistakenly considered to be luminal by standard IHC approaches, leading to suboptimal treatment choices. Nestin, an intermediate filament expressed in many stem cells, is a recently identified positive marker of basal-like phenotype independent of ER status. In this study, we evaluated its clinical associations and prognostic capacity in a large breast cancer cohort. Methods A tissue microarray series of clinically annotated invasive breast cancers with 12.6-year median follow-up was assessed for nestin expression by IHC. Kaplan-Meier and Cox regression models were used to evaluate the prognostic significance of nestin status, for the primary endpoint of breast cancer-specific survival (BCSS). Results Among 3641 cases interpretable for nestin by IHC, positive staining was found in 371 cases (10%) and was significantly associated with poor prognostic factors including other markers of basal-like differentiation. Patients with nestinpositive tumors had a significantly lower 10 year BCSS (HR 1.97, 95% CI 1.62-2.40; P < 0.001). Importantly, within the large group of 2323 ER+ cases, nestin positivity identified a subgroup of 120 patients (5%) with a significantly inferior 10-year BCSS (HR 1.50, 95% CI 1.10-2.13; P = 0.02). Conclusions Nestin IHC positivity is associated with the poor clinical outcomes and reduced survival rates that characterize the gene expression basal-like subtype. This easily applicable tool identifies ER+ poor prognosis basal phenotype patients that are currently being missed by "Triple negative" or "Core basal" IHC definitions.
Introduction
The identification of different intrinsic breast cancer subtypes by gene expression profiling [1, 2] has led to improvements in diagnosis, prognosis, and prediction of patients' outcomes [3] [4] [5] [6] [7] [8] . However, gene expression assays are hard to perform in routine clinical settings (e.g., in community hospitals, or in jurisdictions lacking specialized molecular diagnostic laboratory facilities) due to their complexity and high costs, leading to the common preference to use immunohistochemical (IHC) surrogate markers or panels to assign breast cancer subtype as a more feasible and inexpensive approach. In clinical practice, such IHC markers guide decisions to treat luminal subtypes with endocrine therapy, and for human epidermal growth factor receptor-2 (HER2)-positive breast cancers with anti-HER2 targeted agents. However, very limited gains have been made in identifying and tailoring therapies for the aggressive basal-like subtype of breast cancer, which has the worst 10-year prognosis and is refractory to existing targeted treatments [9] [10] [11] .
The basal-like subtype, as originally recognized by gene expression [12, 13] , is often clinically identified using a "Triple negative" IHC definition, characterized by combined negativity for estrogen receptor (ER), progesterone receptor (PR), and HER2. Another IHC definition commonly used in research studies and sometimes in clinical practice, termed "Core basal," adds a requirement for triple-negative cases to also be positive for epidermal growth factor receptor (EGFR) and/or cytokeratin 5/6 (CK5/6). This definition more specifically identifies basal-like cases and has a stronger association with poor prognosis than the "Triple negative" definition [9, 14] . However, both the "Triple negative" and "Core basal" definitions necessarily require ER negativity, and therefore miss the potentially important subset of basal-like cases that are ER positive by IHC [15, 16] .
Work conducted by researchers at MD Anderson and independently by our own group has shown that a high fraction (50%) of weakly positive ER-positive breast cancers (characterized by 1-10% positive nuclear staining) are classified as basal-like when using gene expression profile methods as a gold standard [15, 16] . These cases do not meet "Triple negative" or "Core basal" IHC definitions; instead, they are considered luminal cases by IHC [17] , leading to suboptimal treatment choices. Patients in this subgroup are currently treated with endocrine therapy [18] that will not only likely be ineffective, risking side effects without benefit, but also lead to missed opportunities to initiate more effective chemotherapy-based treatments in the adjuvant setting. Any subsequent metastatic disease might well also end up suboptimally treated. Thus, an easily accessible IHC surrogate marker for basal-like breast cancer that can be applied on routine formalin-fixed, paraffin-embedded (FFPE) tissues of breast cancer and can be interpreted independently of ER status would be an important diagnostic tool, particularly to help guide therapy for ER weakly positive cases that constitute from 1 to 6.7% of breast cancers and represent a problem for clinicians making treatment decisions [15, 19, 20] .
Nestin, a type VI intermediate filament originally characterized because of its expression in neural progenitor cells [21, 22] , has recently been identified as a useful positive IHC marker of the basal-like subtype [23] [24] [25] . In addition to its expression in neural tissues, nestin has been shown to be expressed in the endothelium of immature blood vessels [26, 27] and in the basal and myoepithelial layers of mammary cells [23] . Functionally, nestin is associated with tumor invasiveness, cancer progression, and poor prognosis [28] [29] [30] , including in triple-negative breast cancers [31, 32] . Several studies have now associated nestin with basal-like differentiation, aggressive pathological characteristics, and worse clinical behavior [24, 30, 33] . When our group evaluated 46 proposed basal IHC markers that had been published in the literature, we found nestin to have the best combination of sensitivity and specificity for any individual positive IHC marker of the basal-like subtype, when compared to an RNA-based PAM50 assay as a gold standard [25] .
In the current study, we assess the prognostic capacity of nestin IHC expression on a large tissue microarray series corresponding to a population-based provincial cohort of early-stage breast cancer, annotated with detailed clinical data including long-term outcomes. We also specifically evaluate the capacity of nestin to identify ER+ patients that display a basal-like phenotype and prognosis.
Methods
This study was approved in accordance with the ethical standards of the institutional board of the University of British Columbia and British Columbia Cancer Agency (BCCA).
Study population
The current study used a cohort which originally included 4543 samples from patients diagnosed with invasive breast cancer in the province of British Columbia, Canada, and who were referred to the BCCA in the period January 1986-September 1992 [34] . Cases are linked to well-annotated clinical data regarding age, staging, histology, pathological factors, treatment, and a long-term follow-up with a median of 12.6 years. Exclusion criteria included in situ disease, recurrent or metastatic disease at diagnosis, and male breast cancer. Treatment decisions at the time of patients' diagnosis were made in adherence to the provincial guidelines recommended by BCCA, based on different clinicopathological factors including ER levels as determined by dextran-coated charcoal (DCC) ligand binding assay. The DCC assay was the method used in clinical practice at the time of patients' diagnosis and upon which treatment decisions were made. This technique quantitatively measures ER protein as a continuous variable. However, due to its high costs and technical challenges related to its requirement for fresh-frozen tissue, it was later replaced by IHC methods that are semi-quantitative but correlate directly with morphology, for which centrally determined scores are also available on the BCCA cohort [34] . Accordingly, in this study we examined the nestin expression in the ER+ group as determined by both methods (DCC and IHC) to overcome any differences in methodology that might bias the results.
For each case in the current study, archival FFPE tissue blocks from the primary tumor excision were originally retained at Vancouver General Hospital for central ER testing.
Clinical outcomes were periodically updated by the BCCA Breast Cancer outcome unit and last updated in 2008.
Tissue microarrays (TMAs) and immunohistochemistry
Hematoxylin and eosin slides corresponding to each patient's block were reviewed and areas of invasive breast carcinoma were circled by pathologists and used for TMA construction. Tissue cores of 0.6 mm diameter were extracted from circled areas in each donor block and transferred to a recipient block as previously described [35] [36] [37] . The study required a series of 17 TMA blocks, from which 4 µm serial sections were cut and stained for nestin using the Ventana Systems Discovery XT semi-automated immunostainer (Ventana medical Systems Inc. Tucson, AZ USA). The staining for nestin was applied as previously published by Parry et al. [31] and validated by our group [25, 38] . Slides underwent antigen retrieval with standard Cell Conditioning 1 (Ventana Medical Systems) followed by 60 min of primary antibody incubation with heat, and detected using a DAB Map Detection Kit (Ventana Medical Systems). The primary antibody applied was a commercial mouse monoclonal anti-nestin antibody at a dilution of 1:50 (Santa Cruz Biotechnology Inc., clone 10C2, Dallas, Texas USA), followed by an incubation of the slides with a secondary antibody (Ventana universal secondary antibody) for an additional 32 min. Staining and visual scoring for additional IHC markers of ER, PR, HER2, CK5, and EGFR were previously detailed in publications from the Genetic Pathology Evaluation Center [9, 34, 39] .
Nestin scoring system and intrinsic subtyping
The scoring system used for nestin followed the prespecified, published criteria reported by Parry et al. [31] which have been subsequently applied and validated by our group [25, 38] . Nestin expression was considered positive if cytoplasmic staining of any intensity above background was observed in ≥ 1% of invasive breast carcinoma cells. For statistical analysis, nestin expression was binarized into negative (< 1%) and positive (≥ 1%) categories. Scoring pathologists had no access to clinical data, and assessed staining without reference to any previous biomarker results. Representative negative and positive stains for nestin are displayed in Fig. 1 . Stained TMA slides were digitally scanned using a Bliss System (Bacus Laboratories/Olympus America, Lombard, IL USA). The primary image data are available for public access via the website of Genetic Pathology Evaluation Center (www.gpecimage.ubc.ca; username: nestin; password: abc123).
The association between nestin expression and clinical outcomes was later tested in different subgroups of breast cancer, with a pre-planned focus on the ER-positive subgroup. This ER-positive cohort of cases was previously profiled using the quantitative reverse transcriptase (qRT)-PCR PAM50 gene expression method [40] , and thus we used this method as a reference to validate the performance capacity of nestin in the ER-positive setting. The methods involved in PAM50 intrinsic subtyping including FFPE macrodissection, RNA extraction, cDNA synthesis, and qRT-PCR subtype predictions have been previously reported [40, 41] .
Statistical analysis
The χ 2 method was used to test associations between nestin status and standard clinicopathological variables. The Fig. 1 Nestin staining by immunohistochemistry. Tumors with < 1% cytoplasmic staining for nestin were scored as negative (a) whereas those ≥ 1% were scored as positive (b) primary outcome was breast cancer-specific survival (BCSS), defined as time from diagnosis to either death caused by breast cancer or to last follow-up. For univariate analyses, BCSS was quantified by Kaplan-Meier curves in the whole group and among different subgroups stratified according to ER status. Significance of differences in survival were assessed by log-rank test. For multivariate analyses, Cox proportional hazards models were used to assess the hazard ratio (HR) of different prognostic covariates with survival. P ≤ 0.05 was considered as statistically significant. All statistical analyses were performed using SPSS version 23.
Results

Cohort characteristics
Among 4543 cases included in the original cohort, 551 were excluded for various reasons (recurrent or metastatic disease at diagnosis, male breast cancer, insufficient material for TMA construction, and cases with missing cores in the TMA sections). Among the remaining cases, 3641 were interpretable for nestin IHC staining results and defined the study cohort. The clinicopathological characteristics of patients included in the study cohort are listed in Table 1 . Adjuvant systemic therapy (chemotherapy, hormonal therapy, or their combination) was prescribed in 58% of the overall patients, while 42% did not receive any adjuvant systemic therapy following local therapy.
Association of nestin IHC expression with clinicopathological characteristics
Among the 3641 cases interpretable for nestin by IHC, positive staining was found in 371 (10%) and was significantly associated with poor prognostic factors including younger age, higher grade, ER negativity, and high proliferation index (P < 0.001) ( Table 1) . Moreover, nestin-positive expression was significantly associated with other markers of the basal-like phenotype: CK5, EGFR, "Core basal," and "Triple-negative" IHC subtypes (P < 0.001) ( Table 1) .
Univariate breast cancer-specific survival (BCSS)
In the current study, median follow-up was 12.6 years and BCSS was the primary endpoint. Within 10-year follow-up, patients with positive expression for nestin had a significantly lower BCSS (HR 1.97, 95% CI 1.62-2.40; P < 0.001) (Fig. 2) .
We further evaluated the prognostic significance of nestin expression within different IHC subgroups classified based on ER status. Importantly, within the large group of 2323 ER+ cases, nestin was positive in 120 patients (5%), and these patients had significantly inferior 10-year BCSS (HR 1.5, 95% CI 1.1-2.13; P = 0.02) (Fig. 3a) . Although the magnitude of hazard difference was not as pronounced, nestin was also significantly prognostic for 10-year BCSS among ER-negative cases (HR 1.3, 95% CI 1.04-1.73; P = 0.02) (Fig. 3b) .
We also analyzed the prognostic significance of nestin in the patient subgroup that was ER positive and received adjuvant tamoxifen only. A trend for better BCSS was observed in nestin-negative cases, but did not reach significance due to a small number of cases in the nestin-positive subgroup (HR 1.4, P = 0.2) (Fig. 4) .
Multivariate BCSS analysis
To assess nestin expression as an independent prognostic marker for BCSS outcome, Cox proportional hazards model was built including different prognostic factors. Positive expression of nestin remained an independent poor prognostic factor at P = 0.05 for BCSS in the whole series (HR 1.24, 95% CI 1.00-1.54) and within in the ER+ subgroup (HR 1.39, 95% CI 1.00-1.93) ( Table 2 ).
The association of PAM50 intrinsic subtype with nestin IHC expression in the ER+ breast cancer subgroup
To establish the value of nestin to identify basal breast cancer cases within the ER+ subgroup, we tested the association of IHC nestin expression against a qRT-PCR PAM50 gene expression-determined subtype as a gold standard within the set of tamoxifen-treated, clinically ER+ patients. The gene expression subtypes of this cohort using the qRT-PCR PAM50 were available from a previously published study [33] . From a set of 842 ER+ cases originally subjected to PAM50 intrinsic subtyping by qRT-PCR, 672 were also evaluable for nestin expression by IHC. Nestin-positive expression was significantly associated with basal breast cancer PAM50 subtype, while negative staining for nestin was associated with the non-basal intrinsic subtypes in the ER+ subgroup whether determined by biochemical (DCC) or by immunohistochemical (IHC) methods (Table 3) .
Discussion
Despite the capacity of gene profiling methods to identify the basal-like subtype with high precision, the cost and complexity of molecular technologies has to date made their application in routine community clinical practice impractical. As such, inexpensive and easily applicable surrogate IHC markers are being developed to identify basal-like breast cancers. Nestin is an IHC basal marker that has been optimized and previously reported to be the best single positive IHC marker that identifies basal-like subtype regardless of ER status [25] .
Using a large cohort of clinically annotated invasive breast cancer cases, we provide evidence confirming that this simple IHC marker, nestin, is significantly associated with basal-like differentiation, high-risk clinicopathological factors, and poor prognosis. These findings match the expected biology and aggressive clinical behavior that characterize the basal-like subtype as determined by gene expression [9] [10] [11] [12] [13] . Furthermore, the findings of the current study are consistent with studies reporting that nestin is associated with triple-negative and basal-like differentiation [31, 32] , poor clinicopathological features, and reduced survival [28] [29] [30] .
In addition to confirming previous findings, by using a much larger series, our cohort was sizeable enough to analyze the clinically problematic issue of ER-positive cases with a basal phenotype. We showed that nestin positivity identified a fraction (5%) of ER+ cases as associated with basal-like characteristics and reduced BCSS when compared to ER+ cases with negative nestin staining. These findings are in line with results from a previous study conducted by our group, showing that some ER+ cases that are currently being classified as luminal by IHC were actually basal-like by PAM50 gene expression assay and displayed an aggressive clinical behavior, suggesting that it was the PAM50 rather than the clinical IHC result that correctly predicted disease course [16] . Though the number of weakly ER-positive cases in that series was underpowered to evaluate the performance of nestin in this specific subgroup, the evidence we present in the current study on the prognostic capacity of nestin using a much larger set including 2323 ER+ cases highlights an immediate clinical implication of these findings for the adjuvant treatment of ER+ cases overall. Currently, ER+ cases are all being assigned as luminal subtype by IHC, and those with an underlying basal phenotype are missed by "Triple negative" and "Core basal" definitions (and thus are offered unfavorable endocrine therapies instead of more effective early chemotherapies).
We recently suggested nestin to be one of two markers that can be used as an optimized basal IHC panel, consisting of either "nestin positive" or "inositol polyphosphate-4-phosphatase type IIB (INPP4B) negative" to accurately capture cases with the biology of basal-like breast cancer in the setting of ER positivity [38] . INPP4B, a signaling pathway enzyme that serves as a negative marker for the basal subtype, could not be reliably assessed on the current series due to the older age of the blocks and pre-analytical handling factors of the original source specimens. However, nestin, being a stable and relatively abundant intermediate filament protein, was robust to these issues, yielding a fraction of positive and negative cases very similar to values observed in previous reported cohorts [31, 32] .
Current practices that approximate the basal breast cancer phenotype as "Triple negative" are convenient, can be easily extracted from patients' reports, and are often used to guide contemporary treatment decisions. However, evidence for a potentially superior predictive effect for nestin than "Triple Negative" would require its application in the context of a randomized clinical trial. The retrospective data we present here regarding nestin and its relation to clinical outcomes do provide data supporting its application as an exploratory stratification factor on clinical trials materials so as to achieve a higher level of evidence for its prognostic and predictive capacity. In conclusion, the current study presents data from a large TMA series including both ER+ and ER− cases, finding nestin expression to be an independent poor prognostic factor even in multivariate analyses. This study supports the potential clinical use of an easily applicable IHC tool, particularly to identify clinically ER+ patients with a basal-like phenotype and poor prognosis that cannot be identified using "Triple negative" or "Core basal" IHC definitions, and who could potentially be spared endocrine therapies that may be ineffective and/or receive adjuvant chemotherapy. Further studies, including tumor specimens from clinical trials datasets, are needed to validate the predictive capacity of nestin to improve treatment choices.
